In most animals, longevity is achieved at the expense of fertility, but queen honey bees do not show this tradeoff. Queens are both long-lived and fertile, whereas workers, derived from the same genome, are both relatively short-lived and normally sterile. It has been suggested, on the basis of results from workers, that vitellogenin (Vg), best known as a yolk protein synthesized in the abdominal fat body, acts as an antioxidant to promote longevity in queen bees. We explored this hypothesis, as well as related roles of insulin-IGF-1 signaling and juvenile hormone. Vg was expressed in thorax and head fat body cells in an age-dependent manner, with old queens showing much higher expression than workers. In contrast, Vg expression in worker head was much lower. Queens also were more resistant to oxidative stress than workers. These results support the hypothesis that caste-specific differences in Vg expression are involved in queen longevity. Consistent with predictions from Drosophila, old queens had lower head expression of insulin-like peptide and its putative receptors than did old workers. Juvenile hormone affected the expression of Vg and insulin-IGF-1 signaling genes in opposite directions. These results suggest that conserved and species-specific mechanisms interact to regulate queen bee longevity without sacrificing fecundity.
H
oney bees (Apis mellifera) provide an attractive model to identify the molecular mechanisms regulating variation in lifespan. Workers and queens develop from the same genome, but queen lifespan is Ϸ10-fold longer (1) . Moreover, queen longevity is achieved without the typical tradeoff between longevity and reproduction. Queens lay up to 2,000 eggs per day (2) and live for 1-3 years. Workers, in contrast, have limited fecundity and live for 3-6 weeks during spring and summer in temperate climates (1) .
Insulin-IGF-1 signaling (IIS) is a key integrative pathway regulating aging, fertility and other important biological processes in vertebrates and invertebrates. Down-regulation of IIS is associated with increased longevity and decreased fertility in Caenorhabditis elegans and Drosophila melanogaster (3) . Although IIS functions are widely conserved, it is not known whether naturally occurring differences in longevity also are a result of variation in this pathway.
Recent advances in insect molecular endocrinology have revealed connections between IIS and juvenile hormone (JH), a major insect hormone with diverse influences on growth, reproduction, and longevity in many species (4) . Studies with Drosophila point to a connection between IIS and JH (5, 6) . Because queens are both long-lived and reproductively active, the unique relationship between JH and vitellogenin (Vg) in honey bees has attracted attention (7) . Honey bee Vg is a 180-kDa glycolipoprotein (8) synthesized in fat body cells and released to the hemolymph. Vg is best known as a yolk protein and is taken up by developing oocytes (9) . JH is a gonadotropin and regulates vitellogenesis in insects (10) .
In most insects, JH and Vg titers are positively correlated (11) . In honey bees, however, JH and Vg titers in general show an inverse pattern (12) (13) (14) (15) . In workers, the JH titer is low during the first 2-3 weeks of adult life when performing tasks in the hive such as brood care (''nursing'') and is high in foragers. Vg hemolymph levels follow an opposite pattern (12) . In queens, both JH and Vg hemolymph titers are elevated in emerging virgin queens, but whereas JH drops and stays low thereafter (15) , Vg remains high (12) . Vg gene expression agrees with protein measurements (16) (17) (18) but has not been studied in old queens.
Recent results from studies using worker bees (7) suggest that the unique negative relationship between JH and Vg may be important to our understanding of queen longevity. Vg has antioxidant functions in workers, which led to the suggestion that Vg also operates to increase queen lifespan (7). We measured Vg mRNA levels in workers and queens of different ages and in different tissues and also compared their resistance to oxidative stress. Male (drone) bees also were studied for comparative purposes; drones show a more queen-like lifestyle, i.e., focused on reproduction, but they have a worker-like lifespan (2) . We also explored relationships between IIS, JH, and Vg in queens and workers by comparing mRNA levels of three genes in the IIS pathway, AmILP-1, AmInR-1, and AmInR-2, and studying the effects of JH on the regulation of Vg and AmILP-1.
Results
Tissue-Specific Vg mRNA Levels in Queens, Workers, and Drones:
Quantitative RT-PCR (qRT-PCR). Knockdown of Vg expression in worker honey bees causes decreased resistance to oxidative stress (7), and Vg protein levels are higher in queens than workers (12) . We determined whether queens also show higher levels of Vg expression than do workers (and drones) and whether old queens have higher Vg expression than do young queens. Such a pattern might be expected on the basis of findings showing that experimental up-regulation of antioxidant expression increases longevity in some (but not all) contexts (19, 20) . We analyzed head, thorax, and abdomen samples separately; Vg synthesis in abdominal fat bodies has been well studied, but fat cells are also located in the head and thorax (21) , and head fat cells play an important role in regulating Drosophila lifespan (22) . We studied the following groups: queens, 1-day-old (QD), 1-week-old (QW), 1-month-old (QM), and 1-year-old (QY); workers, 1-day-old (WD), 1-week-old (WW), 1-month-old (WM); and drones: 1-day-old (DD) and 1-week-old (DW). QD and QW were virgins, QM and QY were mated, WW were nurse bees, and WM were foragers.
In queens, the concentration of abdominal Vg mRNA was highest
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in QD and then dropped to Ϸ1/3 that level in QW, QM, and QY (Fig. 1A) . In workers, Vg mRNA abdominal concentration was very low in WD, increased Ϸ25-fold in WW, and dropped Ϸ50-fold to just above detection limits in WM. In drones, Vg mRNA abdominal concentration was low in DD and undetectable in DW [supporting information (SI) Fig. 9 ]. We also detected Vg expression in both thorax and head, especially in queens ( Fig. 1 B and C) , which is previously unreported. Queens showed an age-related increase in Vg thorax mRNA concentration. QY had Ϸ12-fold higher levels than QD and QW and Ϸ 900-fold higher levels than WW. Queens also showed an age-related increase in Vg head mRNA concentration; unlike in thorax, head Vg peaked in QM and remained high in QY. QM and QY had Ϸ5-to 10-fold higher head concentrations than QD and QW and Ϸ125-to 300-fold higher head concentrations than workers. Workers had negligible Vg mRNA concentrations in head and thorax, and they decreased with age. In drones, Vg mRNA concentration in DD and QW head or thorax was very low (SI Fig. 9 ).
To further assess the possible significance of Vg expression in queen thorax and head, we calculated total amounts of Vg mRNA per body part. Queen abdomen contains more fat body cells than does thorax or head (21) , and abdomen contained the most Vg RNA; however, head and thorax together contained almost as much Vg mRNA as in old queens (99.8%) (Fig. 1D) . In contrast, head and thorax Vg RNA together amounted to only 7% of abdominal levels for young queens. Additional measurements across tissues and castes indicated that the proportion of Vg mRNA relative to total RNA was higher in queen head and thorax relative to abdomen (SI Fig. 9 ). We estimate that Vg transcription accounts for Ͼ25% of total transcriptional activity in queen head and thorax. These results indicate that the head and thorax contribute significantly to the total Vg mRNA pool in QM and QY.
Tissue-Specific Vg mRNA Levels in Queens, Workers, and Drones: In Situ Hybridization. In situ hybridization confirmed the qRT-PCR results. Old queens had much higher head expression of Vg than young queens ( Fig. 2A) . Head fat cells were observed in queens, workers, and drones, with queen and drone more similar to one another in density and location; workers in particular had relatively few head fat cells (Fig. 2) . In queen head, transcript localization was limited to fat cells. Vg expression was detected in head fat cells in young but not old workers and also was not detected in drone head (Fig. 2B ). This finding shows that the high level of Vg mRNA found in the heads of old queens is not a property of head fat cells in general in honey bees but a specific feature of the queen. Results for thorax also were consistent with the above qRT-PCR analyses (SI Fig. 10 ). As expected, we also detected populations of abdominal fat cells expressing Vg in queen and worker (Fig. 3 ). These in situ results are consistent with qRT-PCR findings.
Vg Protein in Queen and Workers. Western blot analysis was used to further confirm and extend the mRNA findings. A well characterized anti-Vg antibody (23) recognized a 180-to 190-kDa protein in samples of queen and worker abdominal, thorax, and head fat body. The tissue was washed in saline to remove hemolymph, because we were interested in tissue-associated Vg. The identity of the protein recognized by the antibody in the queen head samples was confirmed by mass spectrometry as Vg (SI Table 1 ). Vg protein was present in both worker and queen head, but Vg concentration was higher in QM than QD (Fig. 4) . The total amount of Vg per tissue was highest in ovary, as expected (SI Fig. 12 A) . QM had higher total amounts of Vg in head and thorax than QD (SI Fig. 12 A) . In workers, the greatest amount of Vg was detected in abdomen, less in thorax, and even less in head (SI Fig. 12B ). Vg acts as an antioxidant to promote longevity, then queens should be relatively more resistant to oxidative stress. Paraquatinjected queens had significantly higher survival than paraquatinjected workers (log-rank test: 2 ϭ 81.7, P Ͻ 0.0001) (Fig. 5 ). The effect of paraquat on queen survival was weaker than on worker survival (log-rank test: [1] 2 ϭ 138.1, P Ͻ 0.0001; proportional hazards: 2 ϭ 22.5, P Ͻ 0.0001). These results indicate that queens are more resistant to oxidative stress than workers.
Queen-Worker Differences in Resistance to
Queen-Worker Differences in Insulin Signaling. Old queens had lower head expression of AmILP-1 (insulin-like peptide) and its putative receptors (AmInR-1 and AmInR-2) than did old workers ( Fig. 6 A-C) . This result is consistent with predictions from Drosophila, in which experimental down-regulation of IIS extends lifespan (5, 24) . AmILP-1 expression showed an agedependent decrease in queens. In workers, by contrast, AmILP-1 was up-regulated in the older group. WM, the group with the shortest expected lifespan, had Ϸ10-fold higher AmILP-1 levels than WW and QM and 5-fold higher levels than QY. Expression of the genes encoding the two putative insulin receptors was not significantly different within queen age groups and young workers (WD, WW), but was lower than for WM ( Fig. 6 B and C) .
Effects of Methoprene on Vg and IIS Gene Expression.
Virgin QW were treated topically with 200 g of the JH analog methoprene (in 5 l of acetone) and sampled 24 h later. This dose is active in workers (25) . Queens were either placed individually in small (Ϸ1,000 adult bees) colonies (''colony queens'') or caged individually and held in the same otherwise queenless colony (''banked queens''). These manipulations were done to explore possible environmental influences on the impact of the hormone treatment; IIS is known to be nutritionally sensitive (26) . Banked queens were expected to be fed more poorly than colony queens, and in workers, starvation induces higher rates of JH biosynthesis (27) . Banked queens do have higher JH titers than colony 5 . Queen-worker differences in resistance to oxidative stress. Paraquatinjected queens had significantly higher survival than paraquat-injected workers. Paraquat reduced the median survival of workers from 359 to 35 h (log-rank test, 2 ϭ 43.2, P Ͻ 0.0001) and reduced the 800-h survival of queens from 92% to 52% (log-rank test, 2 ϭ 5.1, P ϭ 0.02). Median survival time was not estimable because Ͼ50% of queens were alive at the time the experiment ended.
queens (15) , suggestive of a nutritional effect in banked queens, but this has not yet been measured directly.
Methoprene caused a significant decrease in head Vg mRNA in both colony and banked queens (Fig. 7A) , with a stronger effect on banked queens. In workers, where head Vg levels are just above background (Fig. 1) , no differences were detected (data not shown). By contrast, methoprene caused an increase in AmILP-1 expression in both castes, although in queens this effect was only significant in colony queens (Fig. 7B) . A similar effect was seen for treatment with JH III (data not shown), the endogenous hormone in honey bees. These results suggest that JH affects the expression of Vg and IIS genes in opposite directions. Effects vary by environment (colony type), which possibly reflects nutritional conditions.
Discussion
There are striking differences in Vg expression between queen and worker honey bees. These findings, together with previous results showing that Vg acts as an antioxidant in workers (7) and the results of our queen-worker paraquat tests, support the hypothesis (7) that caste-specific differences in Vg are involved in queen longevity.
Abdominal Vg mRNA measurements were mostly consistent with previous results (16) (17) (18) . Our in situ findings revealed that Vg expression occurs primarily or entirely in fat cells, and not in the ovaries, in contrast to previous Northern blot results (17) ; we suspect this discrepancy might be due to the presence of surrounding fat cells in their ovary samples (see Tissue Samples in Methods). Vg in ovarian follicle cells (9) likely is taken up from the hemolymph.
We found Vg expression in parts of the body not previously known to produce this yolk protein in insects (11); expression in worker head fat body also has recently been detected (28) , consistent with our results. The age-related expression profile of Vg in queen head and thorax contrasted sharply with the abdomen profile. Abdomen Vg mRNA peaked early in adult life, but increased with age in head and thorax. Vg transcript in head and thorax accounts for a surprisingly large amount of the total Vg mRNA pool in old queens. These results suggest that the high Vg circulating titers observed throughout adult queen life (12) could be the result of the total and perhaps coordinated regulation of Vg expression throughout the body. Perhaps it is the total circulating pool of Vg throughout the body, independent of tissue of origin, that is important for longevity. Alternatively, perhaps tissue-specific expression is important; Vg expression was very high in queen head fat cells, cells that in Drosophila play an important role in regulating lifespan (22) . There currently is insufficient information to discriminate between these possibilities.
Vg's antioxidant effect in honey bees has been attributed to its zinc-binding capacity (7), but other possibilities exist, including binding to iron (29, 30), a metal that catalyzes the generation of highly reactive hydroxyl radicals during the Fenton reaction (31).
An earlier study (32) suggested that the Vg ortholog Vit-6 has antioxidant properties in C. elegans on the basis of its carbonylation activity in aged individuals, but Vit-2 and Vit-5 appear to promote aging in this species (33) . Honey bees apparently lack genes encoding functional extracellular peroxidases (34) , and queen longevity is not associated with higher expression of intracellular antioxidant genes (35) . Perhaps Vg functionally replaces the traditional antioxidants to some extent, and queens have other mechanisms to minimize free radical damage, including decreased production of reactive oxygen species (35) .
An insulin-like peptide and two insulin receptor genes were down-regulated in old queens relative to old workers. This finding parallels results from C. elegans and Drosophila, in which inactivation of InR genes enhances lifespan but, in contrast to queens, also decreases fertility (5, 36) . However, effects of InR genes on longevity and fertility can be experimentally uncoupled (37, 38) .
JH and Vg have been studied extensively in honey bees and other social insects, but experimental analysis linking them to IIS is thus far limited to Dipteran insects (4-6). We showed that JH affects the expression of at least one IIS gene. This result, plus those from Drosophila (5, 6), demonstrates reciprocal effects of these two hormone-signaling pathways. The finding that JH affects Vg and ILP-1 expression in opposite directions suggests the possibility of a regulatory feedback loop between these elements (as discussed below). A similar feedback loop, without IIS intermediates, was previously proposed to explain interactions between Vg and JH (39) . We speculate that the unique negative relationship between JH and Vg in honey bees, shown in refs. 40 and 41 and extended in this study to the transcriptional level, might contribute to changes in IIS functioning in queens to allow for both high fertility and extended lifespan.
Studies with Drosophila also have revealed a connection between JH and resistance to oxidative stress. JH treatments decrease lifespan and increase sensitivity to oxidative stress (5, 42) , suggesting that JH may down-regulate the expression of genes encoding antioxidant proteins in Drosophila. In honey bees, however, JH titers (12-15) and expression of antioxidant genes (35) are positively correlated; they are both low in queens and high in forager (worker) bees. These patterns, if functionally significant, would suggest another change in regulatory relationships involving JH besides the above-mentioned negative relationship between JH and Vg.
Interest in understanding how interactions among JH, Vg, and IIS affect a variety of different phenotypes in social insects is increasing (7, (43) (44) (45) . We propose a verbal model to explain how Vg interacts with JH and IIS to regulate the striking differences in longevity between worker and queen honey bees (Fig. 8) . This model differs from those in refs. 44 and 45 in highlighting how both conserved and species-specific regulatory mechanisms can interact to regulate longevity without sacrificing fecundity; roles of Vg and JH in this context have been considered earlier (7). Our model starts with the premise that queens have higher nutritional status than workers, which has been shown throughout the social insects (46) . In honey bees, queens have greater abdominal lipid reserves and a richer diet: royal jelly, a proteinaceous exocrine secretion, instead of nectar and pollen (2) .
The key elements of this model are: (i) IIS is hypothesized to play a prominent role in the regulation of longevity in honey bees as a conserved mechanism, but the traditional relationship between nutrition and IIS is reversed. High nutritional status inhibits the secretion of insulin-like peptide, but the core of the IIS pathway in honey bees is hypothesized to be conserved. This model raises several interesting questions, including the following: How were these traditional signaling relationships reversed, how might they relate to social evolution, and what are the functional consequences and tradeoffs? The JH system already is known to be involved in regulating two aspects of the honey bee's intricate social life, queen-worker caste determination, and division of labor among workers (10) . The novel functions of Vg in honey bees may have evolved before the evolution of caste differentiation, because there are novel functions in both queen and worker honey bees (7) . This suggests that it would be fruitful to study the functions of Vg in other members of the Hymenoptera, both social and nonsocial.
Methods
Bees. Bees were from colonies maintained at the University of Illinois Bee Research Facility, Urbana, IL, and were derived from populations of a mixture of European subspecies of Apis mellifera. WD were obtained by removing frames of pupae from typical field colonies and placing them in an incubator (34°C and 80% relative humidity). Workers and queens of known age were obtained as in ref 34 . Briefly, WW were collected while working in the hive; WM were collected while returning to the hive as foragers after Ϸ2 weeks of flight/foraging activity; QW were confined to the laboratory to prevent mating, and QM and QY mated naturally and headed colonies before sampling. DD were obtained as above; after emergence, they were kept in cages in the laboratory (25°C) and nourished by young workers that were fed with honey and pollen.
Tissue Samples. Separate qRT-PCR analyses were performed on abdomen, thorax, and head/brain samples from each individual. Head samples for Vg analysis were initially prepared as dissected brains (35) . However, results from in situ hybridization demonstrated that Vg expression is localized in fat cells surrounding the brain and not in the brain itself or anywhere else in the head. Subsequent analyses of Vg were performed by using whole heads. qRT-PCR analyses of dissected brains for Vg expression gave results (data not shown) that were not significantly different from what we present here ( Fig. 1 and SI Fig. 9 ). Dissected brains were used for experiments in which AmILP-1 (GB17332-PA), AmInR-1 (GB15492-PA; XP394771), and AmInR-2 (GB18331-PA; XP001121597) mRNA was measured.
Real-Time qRT-PCR. mRNA quantification was performed with an ABI Prism 7900 sequence detector, sequence-specific primers, and dual-labeled probes (SI Table 2 ). PCR assays were performed in two ways. We determined the mRNA concentration for each gene by using for each sample cDNA synthesized with 12 ng/l RNA (Figs. 1 A-C, 6, and 7) . We also determined the total amount of Vg mRNA per tissue by using cDNA synthesized with equal volumes of RNA (5 l, 1/10 the total volume in which each RNA sample was eluted) (Fig. 1D) . All PCR assays were performed in triplicate. qRT-PCR values of the focal genes were normalized by using an internal control gene (A. mellifera rp49; ref. 35) or two exogenous Arabidopsis thaliana RNA controls spiked during RNA extraction (XCP2, NM101938) and cDNA synthesis (RCP1, NM121758). XCP2 and RCP1 transcripts were synthesized in vitro by using the MEGAscript kit (Ambion, Austin, TX) and specific primers (SI Table 2 ). Transcript quantification calculations were performed by using the 2 Ϫ⌬⌬Ct (47) or absolute quantification methods (48) .
In Situ Hybridization. Methods were as in ref. 49 . Vg antisense and sense probes were prepared from PCR products generated by using Vg specific primers with T7 promoters attached to 5Ј ends. We used 10-m frozen sections.
Western Blot Analysis. Tissues were dissected, washed three times with 1 ml of PBS, and homogenized in 400 l of PBS plus protease inhibitor mixture set I (no. 539131; Calbiochem, San Diego, CA). Measurements were made in two different ways by using either 2 g of protein (Fig. 4A ) or 1 l of each sample independent of protein concentration (Fig. 4B) . Material was boiled in Laemmli buffer and analyzed by SDS/10% PAGE. Anti-Vg1 antibodies (23) were obtained from K. Hartfelder (Universidade de São Paulo, Ribeirao Preto, Brazil) and were used at 1:25,000. Anti-rabbit antibodies conjugated to peroxidase (A0545; Sigma, St. Louis, MO) were used at 1:10,000. Detection of protein was performed with Amersham Biosciences (Piscataway, NJ) ECL reagents (no. RPN2106).
Verification of Vg by Mass Spectrometry. The band corresponding to Vg was excised from the gel, digested with trypsin (Promega, Madison, WI), and analyzed on a Waters (Milford, MA) Q-ToF (4) . High JH represses vitellogenesis, resulting in low Vg titers. Low Vg stimulates insulin secretion by a feedback loop mechanism. High nutritional status (blue) results in opposite effects, including decreased IIS activity, FOXO nuclear translocation, low JH, and high Vg. In addition to its antioxidant function, Vg might promote queen longevity by FOXO-mediated mechanisms, as in Drosophila and C. elegans (3, 4, 22, 33) . The model includes both known and hypothesized elements from honey bee (39 -40) , and is supported by Fig. 7 results on the effects of JH on Vg and ILP gene expression, findings showing that knockdown of Vg by RNAi causes an increase in circulating JH titers (41) and AmILP-1and 2 up-regulation by both Vg RNAi and starvation (M.C. and G.E.R., unpublished results). The model provides an explanation for differences in longevity between queens and workers and also can be used to explain differences in worker lifespan that relate to the in-hive and foraging phases of activity.
